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1 INTRODUCTION 
1.1 Self-assembly of colloidal clusters 
One of the key concepts in soft matter physics today is self-assembly, wherein particles can build 
up complex structures without external interference. All biological systems rely on this principle 
of small scale interactions, which can accumulate in forming highly complex organisms like 
bacteria and even humans1. A specific subject of interest is self-assembly in which systems are 
built up out of micrometer size building blocks. In this micrometer regime one of the possible 
applications is the bulk preparation of photonic crystals, which exhibit interesting optical 
characteristics2.  
In self-assembly, the components or building blocks determine the eventual self-assembled 
structure and therefore much research has been focused on synthesizing specific building blocks 
with sufficient yield to assemble functional structures3,4. Building blocks required to build 
colloidal crystals have the most important property that they all have exactly the same shape3 and 
that they can be produced in large volumes. So far, these building blocks were either produced 
with high dispersity in size requiring filtering5,6 (low yield) or were produced with a low 
dispersity (high yield), but with anisotropic shape4. In this thesis we investigate a method to 
produce building blocks of controlled and tunable shape with high yield. 
Clusters of multiple particles are a promising concept for building blocks in the micrometer range, 
because the size and thus the shape of the cluster can be controlled by the number of particles in 
the cluster6. For creating clusters we design a central “glue particle” and attach a certain number 
of particles to it via a specific linkage. The valence of the glue particle can then be controlled by 
its size ratio with respect to the attached particles4 (cluster particles). 
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Figure 1 – Three dimensional schematic drawing of a saturated cluster. The glue particle (red) is surrounded by cluster 
particles (green) until the maximum valence is reached. 
 
However, producing monodisperse clusters poses an issue known as “the random parking 
problem”4:  when a number of particles is stuck on specific coordinates on the glue particle, it can 
be made impossible for another particle to attach because the already present particles hinder its 
approach. This decreases the probability of a fully saturated cluster (i.e. one central particle 
surrounded by the maximum possible number of attached particles) and less saturated clusters 
means less homogenous yields. However, if the attached particles were to be mobile on the 
surface, they could move in such a way that a new particle can always attach until the maximum 
valence is reached. Fully saturated glue particles will lead to a more monodisperse yield of 
colloidal clusters.  
In earlier studies7,8, a building block consisting of a central glue particle, surrounded by a certain 
number of cluster particles was proposed. 3-(trimethoxysilyl)-propylmethacrylate (TPM) droplets 
were used as glue particle and polystyrene (PS) particles as cluster particles. The first reason for 
choosing TPM as glue particle is that it can be synthesized with a narrow size distribution of 2 – 
4 %. Also, the size of the TPM particle can be adjusted by varying synthesis parameters to fit the 
needs of the desired building block9. These two properties of TPM enable control over the glue 
particle and, eventually, over the shape of the building block. 
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Figure 2 - The size of TPM droplets can be controlled by varying the pH of the emulsion and the monomer fraction φ. 
The colors show linear interpolations between data points9. 
 
On top of that, TPM has a property that can be exploited to overcome the random parking 
problem. Namely, TPM is an oil which forms an emulsion when it is mixed with water. The TPM 
species inside the emulsion droplets are not rigid as is the case with for example the polystyrene, 
but can move through the droplet, creating the possibility of a mobile particle surface7. This means 
that the linked PS particles can move freely over the surface. This particle surface mobility will 
increase the probability of saturated clusters. 
 
1.2 Previous models and alterations 
In previous TPM based preparation methods, TPM and PS particles were coated with a steric 
stabilizer, DOPE-PEG2000 and mPEG5000-NH2 respectively, in order to minimize aspecific 
aggregation. A polymerated lipid with an attached biotin vitamin, DSPE-PEG2000-biotin, was 
attached to the surface of TPM and it was confirmed that it could move freely across the surface7. 
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The PS particles were coated with NeutrAvidin and could bind via a non-covalent Biotin-
NeutrAvidin bond to the TPM droplet. With this approach it was found that only a small fraction 
of clusters were mobile: the protocol lacked the ability to produce a high yield8. Because of the 
direct biotin-NeutrAvidin linker, the particles were drawn close together, with interparticle 
distances in the nanometer range. It was posed that the immobility of the clusters was caused by 
the van der Waals force which pulls the particles together and is the dominant force at this 
nanometer scale.  
In order to suppress the van der Waals forces, a larger distance between particles is needed. We 
accomplish this by first improving the steric stabilization of the TPM by switching from DOPE-
PEG2000 to DOPE-PEG3000. The longer DOPE-PEG3000 polymer keeps the particles at a greater 
distance from each other, hereby vastly diminishing the effect of van der Waals forces, which have 
roughly an r-7 dependency. 
Secondly, inspired by the method of Hadorn et al.10, we replace the biotin-NeutrAvidin bond with 
two strands of double stranded “sticky end” DNA, one is attached to the TPM and the other to 
the PS particle, creating a DNA-linker of around 30 nm11, as opposed to 3.5 nm in the previous 
system. A DNA-NeutrAvidin construct is devised to attach the DNA to the biotinated polymers 
on the TPM. This method using DNA linkers is promising since it has already been used to 
produce mobile particles on oil emulsion droplet surfaces10.  
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Figure 3 - Schematic drawing of the model system. The DNA-NeutrAvidin construct is bound to the polymerated TPM 
via a non-covalent biotin-NeutrAvidin bond. The DNA-coated PS particle can bind to the sticky end of the DNA-
NeutrAvidin construct. Legend can be found in the upper right-hand corner. 
 
1.3 Key points for building the system 
In this thesis we will systematically describe on the realization of this system, guiding the reader 
through the necessary steps for creating and testing the viability of the underlying components.  
As TPM droplets are liquid, we need to establish a way to handle them in a controlled manner. 
First, we choose an organic solvent for the addition of lipids, that does not influence the TPM. 
Second, we need to use steric stabilization by adding a sufficient amount of DOPE-PEG3000, so that 
the droplets do not aggregate in saline conditions. 
When we know how to work with the TPM droplets, we can start to build up the system. Our first 
goal will be to achieve surface-mobile DNA linkers, which consist of three components: 
polymerated lipid, NeutrAvidin and DNA. We intend to add these components step-by-step to 
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the TPM and check for adherence and mobility after every adjustment, using fluorescence 
recovery after photobleaching (FRAP) measurements. 
Once we are able to produce mobile DNA-linkers on the TPM, we can add DNA-coated PS 
particles to the system. By counting and characterizing (by size) the clusters that form, we quantify 
the difference in cluster forming probability due to specific DNA binding. Also, we check 
qualitatively whether these clusters show mobility. 
These experiments will answer the main question of this thesis: can we build clusters consisting 
of TPM and PS particles which aggregate specifically due to the presence of complementary DNA 
linkers? And do we observe mobility from clusters that are built this way?
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2 EXPERIMENTAL 
2.1 Materials 
Chemicals: 3-(trimethoxysilyl)-propylmethacrylate (TPM), ammonia 28 % (NH3), ethanol 
(C2H6O), NeutrAvidin and NeutrAvidin with Oregon 488 dye were acquired from Sigma Aldrich. 
Phosphate buffered saline (PBS) (25 mM sodium phosphate, 100 mM NaCl, 3 mM NaN3) was 
prepared with chemicals also acquired from Sigma Aldrich. DOPE-NBD, DOPE-PEG2000, DOPE-
PEG3000, DOPE-PEG5000 and DSPE-PEG2000-biotin were acquired from Avanti polar lipids. All DNA 
oligomers were acquired from IDT DNA. Deionized water (MilliQ) was obtained with a Millipore 
Filtration System to reach a resistivity of 18.2 MΩ cm (MilliQ Gradient A10). All chemicals were 
used as received.  
The following single stranded DNA (ssDNA) sequences were used: 
ssDNA-biotin-TEG-B: Biotin-TEG-3’-TTT TAGCGA TGGGAA GCGTGT CAGTTA GATCTC 
TCGGGA CGGAAT GC-5’ 
ssDNA-Cy3-B’-S: Cy3-5’-TTT ATCGCT ACCCTT CGCACA GTCAAT CTAGAG AGCCCT 
GCCTTA CGACCT ACTTCT AC -3’ 
ssDNA-6FAM-B’-S’: 6-FAM-5’-TTT ATCGCT ACCCTT CGCACA GTCAAT CTAGAG AGCCCT 
GCCTTA CGAGTA GAAGTA GG –3’ 
We specify double stranded DNA (dsDNA) as: 
Hybridization of ssDNA-biotin-TEG-B and ssDNA-Cy3-B’-S:  dsDNA-S (red) 
Hybridization of ssDNA-biotin-TEG-B and  ssDNA-6FAM-B’-S’: dsDNA-S’ (green) 
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2.2 Synthesis of the glue particle 
2.2.1 Synthesis of TPM 
For synthesizing the TPM emulsion we followed the protocol described by van der Wel et al9. In 
short: 250 µL of 2.8 % NH3 was added to 15 mL of milliQ in a polypropylene beaker, inducing a 
pH between 10 and 11 (measured with a Hach H270G ISFET pH probe). Thereafter, 100 µL of 
TPM was added with a syringe and the reaction mixture was stirred for 15 minutes at 350 rpm 
(medium sized vortex), using a PTFE coated stir bar. After that, the emulsion was stirred for 
another 2 hours at 200 rpm. 
 
2.2.1.1 Max surface coverage (MSC) 
In order to obtain consistent results with respect to the coating protocols described later on, it is 
imperative to know the specifications of every batch of TPM that is used. Because the amount of 
linkers and stabilizers that are added depends on the available TPM surface on which they can 
adhere, the relevant parameter that needs to be ascertained is the combined available surface of 
the TPM droplets per volume of the emulsion. We define the max surface coverage (MSC) as a 
measure for the density of molecules on the particle surface in the case that every added molecule 
sticks to the TPM. This idealization of the adherence process enables us to keep the number of 
added molecules per TPM unit area constant. The MSC is defined as: 𝑀𝑆𝐶 =
#𝑎𝑑𝑑𝑒𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
𝑆𝑡𝑜𝑡𝑎𝑙
, with 
𝑆𝑡𝑜𝑡𝑎𝑙 being the total available droplet surface in a specific sample. For the computation of the 
MSC two measurements  of properties of the batch of TPM are needed: the radius of the droplets 
and the TPM concentration. The total droplet surface can be calculated as: 
𝑆𝑡𝑜𝑡𝑎𝑙 = 𝑁𝑑 ∙ 4𝜋𝑟𝑑
2 =
𝑐𝑇𝑃𝑀
𝑀𝑑
∙ 4𝜋𝑟𝑑
2 ∙ 𝑉𝑠 =
𝑐𝑇𝑃𝑀
4
3 𝜋𝑟𝑑
3 ∙ 𝜌𝑇𝑃𝑀
∙ 4𝜋𝑟𝑑
2 ∙ 𝑉𝑠 =
𝑐𝑇𝑃𝑀
𝜌𝑇𝑃𝑀
3
𝑟𝑑
∙ 𝑉𝑠. 
And thus, the MSC becomes: 
𝑀𝑆𝐶 = #𝑎𝑑𝑑𝑒𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 ∙
𝜌𝑇𝑃𝑀 ∙ 𝑟𝑑
3 ∙ 𝑐𝑇𝑃𝑀 ∙ 𝑉𝑠
. 
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With 𝜌𝑇𝑃𝑀 = 1235 ± 10 𝑔𝐿
−1 the density of self-emulsified TPM9, 𝑉𝑠 the volume of the 
sample, 𝑐𝑇𝑃𝑀 the TPM dry weight in the emulsion and 𝑁𝑑, 𝑀𝑑 and 𝑟𝑑, the total number, the 
average  mass, and average radius of droplets. 
The droplet radius was determined using bright field microscopy and the Nikon Elements 
Advanced Research measuring tool. For the TPM dry weight, 1 mL of the emulsion was added on 
a tin cup and weighed using a Mettler Toledo XA105 Dual Range scale. Then the emulsion was 
put under a heating lamp for 30 minutes. When all of the liquid had evaporated, the remaining 
TPM was weighed and the dry weight was calculated. 
 
2.2.2 Steric stabilization and biotin coating 
In order to sterically stabilize the TPM droplets in a PBS solution a method inspired by Hadorn et 
al.10 was used. DOPE-PEG3000 and DSPE-PEG2000-biotin were dissolved in ethanol, both with a 
concentration of 1 gL-1. These were mixed with a molar ratio of 9 : 1 (e.g. 56.5 µL DOPE-PEG3000 
with 5 µL DSPE-PEG2000-biotin). A precise quantity of this mixture was added to the TPM 
emulsion, so that an MSC of both lipids together of 5.0 ∙ 105 µm-2 was reached. Since DOPE-
PEG3000 and DSPE-PEG2000-biotin were added in a 9 : 1 ratio, the induced biotin-MSC is ten times 
smaller: 5.0 ∙ 104 µm-2. The samples were put in a Stuart Rotator SB3 for at least three hours in 
order to attain sufficient lipid adherence. The emulsion was washed two times with milliQ, by 
centrifuging at 43 rcf for 20 minutes and was stored at 4 degrees Celsius. 
 
2.2.3 DNA coating 
The TPM was coated with DNA linkers by adding a DNA-NeutrAvidin construct to the TPM 
emulsion, which binds to the biotin on the particles’ surface. This method was inspired by the 
work of Hadorn et al.10. 
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2.2.3.1 Preparation of the DNA-NeutrAvidin construct 
A DNA hybridization protocol by van der Meulen et al.12 was used to create a 2 µM hybridized-
DNA solution, as follows: 188 µL PBS, 4 µL ssDNA-Cy3-B’-S (100 µM) and 8 µL ssDNA-biotin-
TEG-B (100 µM) were mixed. The solution was heated in a water bath at 90 degrees Celsius and 
slowly cooled down to room temperature over the course of two hours. The resulting hybridized 
DNA (called dsDNA-S (red)) was stored at 4 degrees Celsius and protected from direct light with 
tin foil. 
Subsequently, 1 gL-1 NeutrAvidin (17 µM) solution was mixed with 2 µM dsDNA-S (red) solution, 
leading to a 10 : 1 molar ratio between NeutrAvidin and dsDNA-S (red) (e.g. 12 µL Neutravidin 
and 10 µL dsDNA-S (red)). The mixture was placed in the rotator for a minimum of three hours. 
The solution was stored at 4 degrees Celsius and protected from direct light with tin foil. 
 
2.2.3.2 Addition of DNA-Neutravidin construct to TPM 
Before the addition of DNA, the sample was centrifuged at 43 rcf for 20 minutes and the 
supernatant was replaced with PBS. The DNA-NeutrAvidin construct was added to the biotin 
coated TPM sample, in a quantity such that a NeutrAvidin-MSC of around 7.5 ∙ 104 µm-2 was 
attained. This is an excess with respect to the available biotin (MSC of 5.0 ∙ 104 µm-2). Note that, 
theoretically, only about 9 % of these NeutrAvidin molecules have a bound DNA strand and 
therefore the MSC of DNA linkers will be around 4.5 ∙ 103 µm-2, being limited by the biotin-MSC. 
The emulsion was washed three times with PBS, centrifuging at 43 rcf for 20 minutes 
 
2.3 Synthesis of the cluster particle 
2.3.1 Synthesis of NeutrAvidin coated polystyrene 
Surfactant-free NeutrAvidin-coated fluorescent PS particles with a diameter of 0.98 µm were 
synthesized following the protocol by Casper van der Wel et al.13. A NeutrAvidin density of  3.3 
µg per mg particles was used. 
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2.3.2 DNA coating 
2.3.2.1 DNA hybridization 
A 2 µM dsDNA-S’ (green) solution was prepared by mixing 188 µL PBS, 4  µL ssDNA-6FAM-B’-
S’ (100 µM) and 8 µL ssDNA-biotin-TEG-B (100 µM), as described in 2.2.3.1. 
 
2.3.2.2 Addition of DNA to PS particles 
The relevant features of a batch of PS were calculated using the same method described for the 
TPM. We used a 𝜌𝑃𝑆 = 1050 ± 20 gL-1 14 and the radius 𝑟𝑃𝑆 = 0.49 µm, measured using SEM 
microscopy. In this way, the MSC of the PS could be controlled by the addition of dsDNA-S’ 
(green), which we typically did in the range between 1.0 ∙ 102 and 5.0 ∙ 103 µm-2.  
 
2.4 Cluster assembly 
TPM and PS were mixed in such proportions that an excess of PS particles was realized (e.g. PS : 
TPM particle ratio of 4 : 1). In this way, clusters are more likely to form as opposed to branched 
structures15. After that, the samples were left in the tumbler for three hours to let clusters form. 
 
2.5 Imaging 
2.5.1 Cover glass treatment 
Cover glasses were sterically stabilized by a covalently attached layer of polyacrylamide, 
according to the protocol of Casper van der Wel et al.13.   
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2.5.2 Sample preparation 
For the imaging of clusters, 5 µL of the sample was added to 100 µL PBS inside a Teflon ring on a 
coated cover glass. A second (non-coated) cover glass was placed on top of the ring to prevent 
evaporation. For imaging single particles, 5 µL was pipetted onto a microscope slide and covered 
with an uncoated cover slip. Tape was applied over the borders of the cover slip to prevent 
evaporation. 
 
2.5.3 Microscopy 
A Nikon TiE microscope was used, equipped with a Nikon A1R confocal scanning head with 
Galvano and resonant scanning mirrors. A 561 and 488 nm laser was used for excitation. For the 
counting and characterizing of clusters, an MCL Nanodrive containing a piezo stage was used to 
enable fast z-stack acquisition.  
For FRAP imaging, an acquisition-stimulation-acquisition series was performed. Typically, the 
pre-stimulation acquisition lasted 15 frames, stimulation 10 frames, and the post stimulation 
acquisition 153 frames, with 66 ms per frame. Object intensity comparisons were made within the 
linear domain of the microscope using the same settings for laser power and gain. 
 
2.5.4 Image analysis 
2.5.4.1 FRAP 
For the FRAP images, the mean intensity of the stimulated area (𝐹1), non-stimulated area (𝐹2) and 
background intensity (𝐹3) were measured in time using Nikon NIS elements Advanced Research 
software. 
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Figure 4 – Example of a FRAP experiment. a) The three ROIs of the patch bleaching experiment are shown. In red: the 
patch area (𝐹1), in green: the non-patch area (𝐹2) and in blue: the background (𝐹3). b) A time measurement is shown of 
the mean signal intensity in all three regions. The line colors correspond to the region of interest (ROI) colors. 
 
Firstly, 𝐹3 was subtracted from both 𝐹1 and 𝐹2 to correct for the background signal. According to 
a paper by Axelrod et al.16, 𝐹1 was then divided by 𝐹2 to compute the relative recovered intensity 
(𝐹𝑟). This curve was normalized with the initial 𝐹𝑟 before bleaching (𝐹𝑟,0), averaged over the 15 
acquisition frames. In this way we define the normalized recovery curve as 𝐹𝑟
′(𝑡) =
𝐹𝑟(𝑡)
𝐹𝑟,0
=
𝐹1(𝑡)
𝐹2(𝑡)
𝐹1(0)
𝐹2(0)
. 
By definition, < 𝐹𝑟
′(𝑡) >𝑡0  =
<𝐹𝑟(𝑡)>𝑡0
𝐹𝑟,0
= 1 with 𝐹𝑟
′(𝑡) the relative, pre-stimulation intensity and 𝑡0 
the acquisition time before bleaching. The normalization is done to get rid of a possible scaling 
factor between 𝐹1 and 𝐹2 due to the choice of borders for the regions of interest (ROI). A least-
squares fit was done on the  curve with general formula 𝐹𝑟
′(𝑡) = 𝑌0 + 𝐴1𝑒
−𝑡/𝑇1 using the Levenberg 
Marquardt iteration algorithm for non-linear least-squares optimization.  
To estimate the standard error on the FRAP measurements we assume 𝐹1 and 𝐹2 are constant 
before bleaching and that measurement errors are Gaussian distributed and spatially 
uncorrelated, as is done in a paper by Savin et al.17. We can calculate the standard deviation 𝜎𝐹𝑖 =
 √< 𝐹𝑖
2 > −< 𝐹𝑖 >2 for 𝐹1 and 𝐹2 and propagate these errors through the previously described 
operations, leading to a standard error for  𝐹𝑟
′. Because the error in 𝐹𝑖 (𝑖 = 1,2,3) is uncorrelated in 
space and time, the variance is directly dependent on the number of pixels (i.e. number of 
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independent measurements) in the ROI. To illustrate this relation we define 𝐺𝑖 as the total signal 
intensity, so that: 𝐹𝑖 =
𝐺𝑖
𝑁𝑖
 with 𝑁𝑖 the number of pixels in the ROI. Now 𝜎𝐺𝑖
2 = < 𝐺𝑖
2 > −< 𝐺𝑖 >
2 =
𝑁𝑖
2(< 𝐹𝑖
2 > −< 𝐹𝑖 >
2) = 𝑁𝑖
2𝜎𝐹𝑖
2 and 𝜎𝐺𝑖
2 = 𝑁𝑖𝜀
2, with 𝜀 the random error in one pixel, which is 
only correlated with itself. Combining these two equations yields: 𝜎𝐹𝑖 =
𝜀
√𝑁𝑖
.   
We observed that this random error ε increases as the mean pixel intensity 𝐹𝑖 increases. From the 
data no conclusion with respect to the exact relation can be drawn, a linear fit is imposed on the 
data as a guide to the eye.   
 
 
Figure 5 – A plot of the random error ε for different signal intensities of the detector. The random error in the intensity 
measurement increases as the mean intensity increases. A linear guide to the eye is plotted in red. Arbitrary units on 
both axes are of equal quantities. 
 
2.5.4.2 Linker fluorescence intensity measurement 
An image was made with the confocal microscope, within the linear regime of the detector (5 % 
laser power, gain of 80, 488 nm laser). Circular ROIs with an area of 1.38 µm2 were drawn around 
multiple particles and the mean intensity was calculated using the Nikon Elements Advanced 
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Research software. A standard deviation was calculated to estimate the error in this averaged 
intensity measurement. The error in the expected MSC was calculated by taking the uncertainty 
of the pipettes and propagating it. 
 
2.5.4.3 Counting 
Z-slices of the sample were viewed with the volume view in the Nikon Elements Advanced 
Research software and were counted by hand. The error in the probability was calculated 
assuming a Poisson distribution and demanding a 95 % confidence level.  
 
2.6 Experimental difficulties and alternative method 
When executing the protocol explained above, the following difficulties were encountered during 
the washing procedure. When the supernatant of the TPM emulsion was replaced with PBS, 
centrifuging the droplets resulted in the merging of droplets. Also, some were splattered on the 
sides of the test tube. This often resulted in a low yield of TPM droplets and made the outcome of 
the protocol unpredictable, because TPM : PS ratios of cluster samples were hard to predict. 
To overcome this issue, various adaptations were made, such as: using a Teflon test tube, 
centrifuging at 10 rcf instead of 43 rcf and washing with a lower NaCl concentration. These 
adaptations produced no consistent results.  
However, by adding the NeutrAvidin and DNA step-by-step, instead of together in the construct 
format, it is possible to create the system without having to centrifuge the droplets in a high salt 
concentration. For this alternative method, we first coated the TPM with DOPE-PEG3000 and DSPE-
PEG2000-biotin as described above (MSC = 5.0 ∙ 105 µm-2), except the MilliQ supernatant is replaced 
with milliQ instead of PBS. Then, we added NeutrAvidin to reach a NeutrAvidin-MSC of 8.0 ∙ 104 
µm-2 to 1.0 ∙ 105 µm-2. In this way, an excess of NeutrAvidin with respect to the available biotin 
(5.0 ∙ 104 µm-2) was created. We then put the sample in the tumbler for three hours, so that the 
NeutrAvidin adhered to the biotin. Thereafter, the emulsion was washed three times with MilliQ, 
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by centrifuging at 43 rcf for 20 minutes. Note that the emulsion still has a low NaCl molarity at 
this point, and thus, the washing process is relatively easy. After washing away the excess 
NeutrAvidin, we replaced the MilliQ supernatant with PBS. Finally, we added the desired amount 
of DNA without the risk of it falling apart due to electrostatic forces.  
We believe that this alternative method is more consistent regarding high TPM yields and we 
advise to elaborate on this method in future experiments. 
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3 RESULTS AND DISCUSSION 
3.1 TPM Droplet preparation and system stability 
3.1.1 Droplet quality in different solvents 
In order to construct the glue particle of the system, a solvent for the addition of lipid molecules 
was needed. Multiple components of the system are added in this solvent, so it is undesirable that 
the solvent itself influences the system. Frijters et al.7 used chloroform for this purpose, but 
Verweij et al.8 switched to ethanol to simplify the experimental process.  
However, Verweij et al. reported that ethanol seemed to increase the droplet size and dispersity. 
To verify this observation and compare ethanol with other possible solvents, we investigated the 
following water-miscible solvent candidates: ethanol, methanol, isopropanol, dimethyl sulfoxide 
(DMSO), dimethylformamide (DMF) and acetone. We added 0.3 µL of solvent candidates to 150 
µL of TPM emulsion and vortexed the samples for 15 minutes. After that, we qualitatively checked 
the droplet characteristics using bright field microscopy. 
The samples with DMF and isopropanol showed a significant loss in the total number of droplets, 
meaning that less than 30% of droplets was seen in comparison to the control sample with MilliQ 
as solvent. In addition, the isopropanol sample also broadened its size distribution: droplets that 
showed an increased radius of more than 100% were observed, compared to the normally 
observed spread of 2 – 4 %9. We saw no swelling due to the addition of ethanol, the radius of the 
droplets was unaffected even when 10% v/v of ethanol was added.  
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Figure 6 - Bright field images of TPM droplets after adding different solvents candidates. The sample with 10 % v/v 
ethanol (b) is indistinguishable from the control sample with MilliQ water (a). In (c) the 0.2 % v/v isopropanol clearly 
affects the size distribution of the droplets and the total number of droplets decreases. 
 
The remaining candidate solvents did not seem to affect the TPM either in the 0.2 % v/v 
experiments. Higher concentrations for these candidates were not tested, since we decided to use 
ethanol as solvent, as it was used before by Verweij et al.8.  
 
3.1.2 Stabilization 
When TPM is emulsified in a liquid with high salt concentration, droplets tend to aggregate due 
to screening effects by the salt ions. To maintain stability of TPM droplets, steric stabilization is 
needed. For this, we used polyethylene glycol with a molecular weight of 3000 Dalton (DOPE-
PEG3000), with an attached lipid that ensures attachment to the TPM. This way of stabilization was 
inspired by the work of Verweij et al.8  
We prepared samples with 1000 µL TPM emulsion and 110 µL NaCl (0.1 M) and added various 
amounts of DOPE-PEG3000 to determine a threshold value for which the droplets no longer 
aggregated aspecifically, the result of which can be found in the table 1. 
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Table 1 - By varying the MSC of DOPE-PEG3000 a threshold value is determined for which the droplets no longer stick 
to the glass or merge. 
Added volume of DOPE-
PEG3000 (1gL-1) 
DOPE-PEG3000 
MSC 
Droplets stuck on the 
glass? 
Droplets 
merged? 
0.1 µL 1.6 ∙ 103 µm-2 Yes  Yes 
1 µL 1.6 ∙ 104 µm-2 No Yes 
5 µL 7.8 ∙ 104 µm-2 No No 
10 µL 1.6 ∙ 105 µm-2 No No 
100 µL 1.6 ∙ 106 µm-2 No No 
0 µL 0 µm-2 Yes Yes 
 
We can conclude that the threshold value for stable droplets lies in between an MSC of (1.59 ±
0.05) ∙ 104 µm-2 and (7.97 ± 0.17) ∙ 104 µm-2, since no more TPM droplets were observed to stick 
to the glass or to each other at MSCs of 7.8 ∙ 104 µm-2 and above.  
 
3.1.2.1 Effect of Pluronic F-127 
Pluronic F-127 polymer was used for steric stabilization of mobile colloids in the work of 
Chakraborty et al.18. Therefore, we also studied the effects of incorporating this polymer in our 
system. For this experiment, 50 µL TPM was coated with DOPE-PEG3000 and DSPE-PEG2000-biotin 
with an MSC of (9.30 ± 0.30) ∙ 104 µm-2. Next, 10.1 µL DNA-NeutrAvidin construct (2 : 1 molar 
ratio) and 50 µL PBS (12.5 mM sodium phosphate, 50 mM NaCl, 3 mM NaN3) with 0.5 % w/v F-
127 were added and the sample was put in the tumbler for 30 min to avoid sedimentation. Also, 
a control sample was prepared in the same way, except that a buffer without F-127 was used. The 
samples were washed two times by centrifuging 10 minutes at 97 rcf to remove excess DNA, and 
the dsDNA-S (red) on the droplets was imaged with confocal microscopy afterwards. We noted 
that when F-127 was dissolved in the TPM sample, no DNA was bound on the TPM surface. 
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Figure 7 – The effect of F-127 on the adherence of dsDNA-S (red) to TPM. (a) 0.5 % w/v F-127 was dissolved in the PBS 
buffer with TPM. (b) a PBS buffer without F-127 was used. No dsDNA-S (red) is observed on the TPM sample with 
dissolved F-127. Both images were taken with confocal microscopy, using the same camera settings: laser power 5 and 
a detector gain of 80. 
 
The control sample, which was visibly coated with DNA, was washed one more time and the 
supernatant was replaced with PBS with 0.5 % w/v F-127. This sample was put in the tumbler for 
18 hours and was then inspected again with the confocal microscope. DNA that was previously 
on the TPM surface had been dissolved in the PBS and could no longer be observed.  
From the first observation we can conclude the following: if F-127 and DNA-NeutrAvidin are 
added simultaneously, no DNA-NeutrAvidin can bind to the TPM. This means that either the F-
127 prohibits the NeutrAvidin from binding to the biotin on the TPM, or it removes the 
biotinylated polymers from the TPM surface. From the second observation we can take this 
reasoning a step further: when F-127 is added after DNA-NeutrAvidin is bound to the 
biotinylated polymers, the DNA is still removed from the surface. Either the F-127 breaks the 
established biotin-NeutrAvidin bond, or it removes the biotinylated polymers from the surface. 
Since the biotin-NeutrAvidin bond is such a strong chemical bond19, we regard the first option as 
implausible. This leads us to hypothesize that F-127 has a higher affinity of binding to the TPM 
surface than the DOPE-PEG-biotin lipids, and therefore replaces them.  
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3.2 DNA-linkers 
As explained in the introduction, we intend to build our DNA linker from three components, 
added to the system in two steps. First we add the polymer-functionalized DOPE with bound 
biotin and second we add the DNA-NeutrAvidin construct. Here, we will also show the results 
of the step in between: only adding fluorescent NeutrAvidin to biotin-coated TPM. In this way, 
we distinguish the viability of every component.  
 
3.2.1 Surface Mobility 
In order to ensure the eventual mobility of the clusters, the linkers on the TPM droplet need to be 
mobile. We studied this mobility by looking at the fluorescence recovery after photobleaching 
(FRAP) of three components of the linker structure. The FRAP method consists of a strong laser 
stimulation in a certain area of the droplets surface, causing bleaching of the local dye molecules. 
After this, the fluorescence intensity is measured in the bleached area and in the rest of the 
droplet’s surface. If the intensity in the bleached area recovers, the dye-functionalized molecules 
must be mobile. We built up the system step-by-step and checked mobility for every component: 
the lipid on the TPM surface, the NeutrAvidin attached to the biotin and the DNA of the DNA-
NeutrAvidin construct. 
First, we recreated the FRAP experiment done by Hans Frijters et al.7 For this, we diluted 5 µL 
TPM emulsion (synthesized with 0.5 % v/v TPM and a pH of 10.5) with 90 µL MilliQ and added 
1 µL of DOPE-NBD (0.01 gL-1 in ethanol) as dye. Next, we added 5 µL of NaCl solution (1.0 M), 
so that the droplets would stick to the coverslip. The FRAP showed a relative recovery of 97.0 ±
1.7 %, as can be seen in figure 8. From that, we can conclude that the lipids  are mobile on the TPM 
surface. 
Second, we checked the mobility of NeutrAvidin on the TPM surface. In this experiment, 100 µL 
of TPM, coated with DOPE-PEG3000 and DSPE-PEG2000 (MSC = (5.22 ± 0.13) ∙ 105 µm-2) was mixed 
with 7.06 µL NeutrAvidin with Oregon 488 dye, (1gL-1) creating a DOPE-PEG3000 : DSPE-PEG2000-
biotin : NeutrAvidin molar ratio of 9 : 1 : 1. A FRAP measurement was done and a relative recovery 
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of 87.69 ± 1.51 % could be seen, as is shown in figure 8. This means that also the NeutrAvidin is 
mobile on the TPM surface. 
Third, we measured whether the DNA linkers that were added in the form of a DNA-NeutrAvidin 
construct were mobile. Since this is the most important test for mobility, this experiment was 
repeated for two different batches of TPM and more than 5 particles per batch were measured 
with consistent qualitative results. Representative images and a relative recovery plot of one 
experiment are presented in figure 8. The particles were prepared as described for the control 
experiment in section 3.1.2.1. The FRAP measurements all showed mobility, with an average 
relative recovery of 93.0 ± 2.3 % (over 3 measurements in two different batches). Here, the error 
is the computed standard deviation of the average. 
 
 
Figure 8 - Representative images of the stimulation recovery sequence, as the upper side of the TPM is bleached. (a)-(d) 
the fluorescence recovery after photobleaching of DOPE-NBD, showing in (a) the image  before bleaching, in (b) directly 
after bleaching, and (c) after recovery. (d) shows the normalized fluorescence recovery 𝐹𝑟 ’ plotted against time for this 
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sample. (e)-(h) shows the recovery and recovery graph of NeutrAvidin-488, and (i)-(l) that of the Cy3-functionalized 
DNA sequence. 
 
It is interesting to note that the recovery time of the DNA coated particle was significantly longer. 
The measured lipids and NeutrAvidin had a mean lifetime τ of 0.57 ± 0.11 s and 0.37 ± 0.08 s 
respectively. While the DNA showed a τ of 1.83 ± 0.20 s, an average taken from three 
measurements from different batches.  
The difference in mean lifetime is not correlated with the radius of the droplets, since the radius 
of the lipid coated droplet is 32 % larger than that of the DNA coated, and the radius of the 
NeutrAvidin coated is 33 % smaller. This means that these results are not just geometrical artifacts 
from the diffusion kinetics on a sphere.  
However, a notable difference is that the TPM that was used for the DNA experiments was 
synthesized 7 – 10 days earlier, while the TPM for the other two experiments was synthesized on 
the day of the measurement. Possibly, the viscosity of the TPM droplets increases with time and 
hence hinders the surface mobility. However, to draw this conclusion, more research is needed 
on the subject.   
 
3.2.2 Tunable linker density 
From experiments by Chakraborty et al.18 on a similar system, we expect that the mobility between 
linked colloids can be tuned by varying the number of linkers between the particles. Therefore, 
we investigated whether the number of linkers on the glue particle can be controlled. A sample of 
TPM was coated with DOPE-PEG3000 and DSPE-PEG2000-biotin, with an MSC of (1.00 ± 0.02) ∙ 106 
µm-2. A wide range (4.51 µL,  1.25 µL, 0.451 µL, 0.125 µL) of dsDNA-S (red)-NeutrAvidin construct 
(2 : 1 ratio, 0.94 µM NeutrAvidin) was added to 50 µL coated TPM and fluorescence intensity was 
analyzed as explained in section 2.5.4.2.   
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Figure 9 - Plot of the mean particle intensity as the MSC increases, captured by the confocal microscope with constant 
settings for laser power and detector gain. The observed mean intensity increases as the MSC increases. Error bars were 
obtained as described in the experimental section. 
 
From the graph we can derive that the mean intensity increases with the intended MSC of linkers. 
We can see that the point at high MSC lies below a straight line through the first three points. This 
can have the following two primary causes.  
One option is that the number of linkers on the TPM is saturating. However, this seems unlikely 
since the biotin molecules on the TPM still outnumber the DNA-NeutrAvidin constructs by a 
factor of 20.  
Another option is that the measurement is flawed due to saturated pixels on the detector for high 
intensity data points. Indeed, some saturated pixels were seen and this would mean that the 
detector is no longer in the linear regime.  
In general, more data points are needed to establish the exact relation between the MSC and the 
fluorescence intensity and rule out possible non-linear detector artefacts.   
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Yet, we can conclude that our theoretical MSC directly influences the measured intensity, and 
thus, the actual density of molecules on the particle. This assures us of the fact that choosing a 
different MSC results in a different number of linkers and might therefore be a useful parameter 
for controlling cluster formation and mobility. 
 
3.3 Cluster formation 
To rule out the possibility that binding between PS and TPM is aspecific, we studied cluster 
formation both qualitatively and quantitatively. We prepared a cluster sample as described in the 
experimental section and mixed TPM and PS in a 1 ∶ 2.3 ratio. As a control experiment, we also 
studied the cluster formation when the PS particles were coated with a non-complementary DNA 
strand (i.e. having the same sequence as the TPM strand). In this experiment, the particles were 
added in a 1 ∶ 0.7 ratio. This difference in ratio was caused by irregular TPM samples, due to the 
washing process after DNA coating. 
We counted the observed clusters and plotted the difference in probability distribution for these 
two experiments, as can be seen in figure 10. From the data, we can derive that clusters are more 
likely to be found when complementary DNA strands are present in the sample. In the control 
experiment, almost no clusters have formed, and a TPM droplet without bound PS particles is the 
most probable configuration. One might argue that this spike in single TPM particles is caused by 
the slight excess of TPM. However, one would then also expect that all PS particles are bound to 
TPM and we do not observe this. In fact, 92 % of the PS particles in the control experiment is not 
bound to TPM, as opposed to 2 % in the experiment with complementary strands. Therefore, we 
can conclude that cluster formation is caused by specific DNA-DNA binding. 
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Figure 10 – The effect of specific DNA binding on cluster forming probability. (a) complementary DNA is used and the 
probability of finding a cluster with a specific size is plotted. (b) non-complementary DNA is used, indicating that 
cluster formation is caused by specific DNA binding. Figures (c) and (d) show characteristic images of the 
complementary and non-complementary DNA experiment respectively. 
 
We also studied the clusters qualitatively, by looking at local linker mobility. By conducting FRAP 
measurements on small clusters that were stuck to the glass, we could study the mobility of linkers 
in a patch area compared to a non-patch area, the patch area being the connection between a TPM 
droplet and a PS particle. The mean intensity of these two distinct regions was measured with 
object specific ROIs, as can be seen in figure 4 in section 2.5.4.1. After analysis, we found that a 
bleached spot on the patch area only recovers for 67.3 ± 0.7 % of the average particle intensity, 
versus 91.5 ± 2.1 % in a non-patch area. This indicates that specific binding occurred, inhibiting 
bound linkers to move.  
30 
 
 
Figure 11 - A plot of the relative fluorescence recovery for a patch area (black) and a non-patch area (red). Exponential 
fits are imposed on the data to illustrate that the patch area recovers less (67.3 ± 0.7 %) than the non-patch area (91.5 ±
2.1 %), hereby insinuating that linkers in the patch area are immobile. 
 
3.3.1 Cluster mobility 
According to Chakraborty et al.18 the surface mobility of particles attached to lipid membranes 
can by tuned by varying the amount of linkers. Following this reasoning and applying it to our 
TPM-based system, we lowered the number of linkers on the PS particle. Since we concluded in 
section 3.2.2. that the MSC is a significant indicator for the number of linkers on a particle, we can 
try a range of MSCs of the order 0 µm-2 to 104 µm-2 on the PS particle.  The used MSCs of the PS 
particles and their respective PS : TPM ratio can be found in the table below. 
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Table 2 - The MSC of the PS sample is portrayed, along with the PS : TPM ratio of the corresponding cluster sample. 
MSC PS PS : TPM 
0 µm-2 2.7 
318 ± 6 µm-2 4 
3179 ± 64 µm-2 5.9 
31790 ± 636 µm-2 2.3 
 
In all four samples, there was an excess of PS with respect to TPM (PS : TPM > 2), hence we can 
use the percentage of TPM droplets that do not have a bound PS particle as a measure for the 
binding probability. In figure 12, the probability of finding an unbound TPM droplet is plotted 
and next to it the binding probability for a droplet. The binding probability is calculated using: 
𝑃𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 1 − 𝑃𝑢𝑛𝑏𝑜𝑢𝑛𝑑 𝑇𝑃𝑀. From the graph it is clear that the TPM binding probability decreases 
as the MSC of linkers decreases.   
 
Figure 12 – From the counted clusters, probability functions are plotted. (a) the probability of finding a TPM droplet 
with no bound TPM is plotted. (b) the probability of finding a TPM droplet with one or more PS particles bound is 
plotted. The MSC of the control experiment (0 µm-2) is indicated on the logarithmic x-axis using an arrow. 
 
For these different PS MSCs, we also checked the particle mobility of clusters, by looking at TPM 
droplets with two or three attached PS particles. If the PS particles in such a cluster remained rigid 
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with respect to each other, as can be seen in figure 13, we concluded that the cluster was immobile.  
In none of the experiments described above mobility of clusters was seen, even when the binding 
probability decreased significantly (with an MSC of (3.18 ± 0.06) ∙ 102 µm-2). This assures us of 
the fact that we have made measurements over the full MSC range wherein clusters can form. 
Thus, we conclude that adding fewer linkers will not result in mobility. 
 
Figure 13 – Confocal image of an immobile cluster. Figures (a) - ( i) are different frames of a movie made with the 
confocal microscope in the galvano mode, the total movie length being 38,5 seconds. The PS particles in this cluster 
have an MSC of 5.0 ∙ 103 µm-2. We can clearly see that the PS particles (green) remain in the same formation and that 
the image only differs due to rotation of the entire cluster. 
 
3.4 Polystyrene aggregation 
In earlier cluster experiments, we followed the protocol by Hadorn et al.10 when preparing the 
DNA-NeutrAvidin construct, meaning we mixed DNA and NeutrAvidin in a 2 : 1 molar ratio 
(e.g. 50 µL dsDNA-S (red) and 3 µL NeutrAvidin). We observed that the PS particles in these 
experiments did not only bind to the TPM, but also to other PS particles. The PS particles started 
aggregating after mixing the TPM and PS, as can be seen in figure 14. Prior to mixing, the PS 
33 
 
particles were stable due to steric stabilization, from which we conclude that the PS particles 
cluster together due to the presence of DNA-coated TPM.  
 
Figure 14 - PS aggregation is seen after the addition of DNA coated TPM with constructs prepared on the basis of the 
protocol by Hadorn et al.10. The DNA-NeutrAvidin construct MSC is 5.0 ∙ 103 µm-2. a) Bright field image. b) Confocal 
image. 
 
When looking closely at these aggregates with split fluorescence channels, we can observe red 
fluorescent DNA between polystyrene particles (figure 15). This is not due to cross talk, since the 
red fluorescence was not seen in samples of PS without added TPM. 
 
 
Figure 15 – DsDNA-S (red) can be seen in between PS particles, attaching them together into aggregates. A confocal 
image of the split channels for different wavelengths is shown. Both channels (a), the 561 nm channel (b) and the 488 
nm channel (c). 
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Apparently, dsDNA-S (red) from the TPM is causing the aggregation of the PS particles. We 
hypothesize that this is due to multibound (MB) DNA-NeutrAvidin constructs in solution, 
meaning two or more DNA linkers are bound to the NeutrAvidin via their biotin anchors. This is 
possible because the NeutrAvidin protein has four binding sites and multiple DNA linkers per 
NeutrAvidin are added. One of these MB constructs can bind to multiple PS particles, attaching 
them together. 
 
 
Figure 16 - Schematic visualisation of examples of unbound (UB), single bound (SB) and multibound (MB) constructs. 
Legend is the same as in figure 3.   
 
We hypothesize that it would be possible to decrease PS aggregation by decreasing the number 
of MB constructs in the TPM emulsion. We can treat the biotin-NeutrAvidin binding as a 
stochastic process and show the expected distribution of unbound (UB), single bound (SB) and 
multibound (MB) constructs when varying the ratio between DNA and NeutrAvidin in the 
construct preparation. We define the molar ratio between DNA and NeutrAvidin as:  𝑟 =
𝐷𝑁𝐴
𝑁𝑒𝑢𝑡𝑟𝐴𝑣𝑖𝑑𝑖𝑛
. Also, we define the number of binding sites of one NeutrAvidin protein as 𝑛𝑏 = 4 and 
consequently, the total available binding sites per DNA molecule becomes: 𝑁𝑏 =
𝑛𝑏
𝑟
=
4
𝑟
. The 
probability of finding a DNA molecule in a specific binding site is then: 𝑝 =
1
𝑁𝑏
, and the probability 
of not finding one is: 𝑞 = 1 − 𝑝. From the binomial distribution, we then write down the 
probability of finding a DNA-Neutravidin construct with 𝑘 [0,4] DNA molecules: 𝑃(𝑘) = 𝑝𝑘 ∙
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𝑞𝑛𝑏−𝑘 ∙ (
𝑛𝑏
𝑘
). With this, we can compute the probabilities of UB (𝑃(0)), SB (𝑃(1)) and MB 
(∑ 𝑃(𝑖)4𝑖=2 ) constructs. 
 
 
Figure 17 – A plot of the theoretical probability of the occurrence of unbound, single bound and multibound DNA-
NeutrAvidin constructs. a) A 2 : 1 DNA-NeutrAvidin ratio is used for computation. b) A 1 : 10 ratio is used. 
 
After examining these theoretical results, we decided on replacing the constructs prepared with a 
2 : 1 ratio for constructs prepared with a 1 : 10 ratio. This change should result in a reduction of 
the number of MB constructs per SB construct from 2.75 to 0.039. If we then keep the number of 
SB DNA linkers constant, this means that the number of MB constructs decreases with 98.6 % in 
the system. 
We prepared a cluster sample with a 1 : 10 ratio construct, as described in the experimental section, 
and compared the results qualitatively with an earlier sample prepared with the 2 : 1 ratio 
protocol. Comparable linker MSCs were used for both samples (4.69 ± 0.09) ∙ 103 µm-2 (2 : 1) 
versus (4.50 ± 0.09) ∙ 103 µm-2 (1 : 10)).  
We could immediately see that no big aggregates (8 or more PS particles) were formed when using 
the 1 : 10 ratio, in huge contrast with the earlier experiments (figure 14). This observation assures 
us that PS aggregation can be diminished by using a different construct.  
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In order to quantify the influence of MB constructs on PS aggregation when the 1 : 10 ratio is used, 
we compared the aggregation forming probability with that of a control sample (a batch of PS 
particles with no added TPM). In this way the PS aggregation probability distribution under the 
influence of DNA-coated TPM can be compared to the inherent aggregation of PS particles.  
We found that the aggregation probability distribution changes: aggregates are still more likely 
to form when TPM is added, since the probability of finding a single PS particle (66 ± 16 %) is 
smaller than that of the control sample (88 ± 7 %). However, larger aggregates still form less 
frequently than smaller aggregates (i.e. for the aggregate size, 𝑃(1) > 𝑃(2) > 𝑃(3) etc.) and 
because the single particle is still the most probable configuration, we believe that the change in 
ratio results in a satisfactory solution to the aggregation problem. 
 
 
Figure 18 - Difference in PS aggregate spread when TPM (DNA : NeutrAvidin = 1 : 10, MSC = 3.16*103 µm-2) is added 
(a) and a natural PS spread (b). The distributions look similar, except aggregates are still more likely to form when TPM 
is added. 
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3.5 Discussion on mobility 
The proposed method inspired by the work of Hadorn et al.10 yields no mobile clusters. To account 
for this discrepancy in the system we investigate several potential root causes. 
3.5.1 Lack of steric stabilization 
As indicated earlier by Verweij et al.8 the particles might be too close together. At the nanometer 
range, van der Waals forces come into play and these attractions obstruct angular motion. 
 
3.5.1.1 Limit on surface-grafted polymer concentration 
According to theory20, surface-grafted polymers can either be in the mushroom or in the brush 
state, this state having a direct influence on the expected length and occupied surface area of the 
polymer. It is not unreasonable to assume that the polymers on the TPM are in the mushroom 
state, since a polymer in the brush state is more confined in the possible number of configurations 
and therefore this state is entropically less favorable. In similar steric stabilization experiments21, 
a higher concentration of polymers is needed to push polymers in the brush state. 
If the stabilizing polymers on the TPM are indeed in the mushroom state, the MSC is limited by 
the absolute length of the polymer20. In the case of DOPE-PEG3000 this would mean that a 
maximum coverage of only 1.6 ∙ 104 µm-2 can be attained, when setting the length of a 
polyethylene glycol monomer at 3.5 Å22. If we then assume that all added polymer adheres to the 
TPM (i.e. the actual surface coverage is close to the max surface coverage), we are left with only a 
small window of control concerning the surface coverage. We observed that a minimum MSC of 
1.6 ∙ 104 - 7.8 ∙ 104 µm-2 is needed for steric stabilization, but only a maximum of 1.6 ∙ 104 µm-2 is 
attainable in the mushroom state.  
This argument supports the idea that adding more polymers does not enhance steric stabilization 
above the mushroom MSC limit. In table 3, polyethylene glycol polymers are characterized by 
their length and theoretical MSC in the mushroom state. 
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Table 3 - Theoretical characteristic length and MSC limit are computed from the number of monomers, as is done by 
Kenworthy et al.22. 
Polymer #monomers Approx. length (mushroom) MSC (mushroom) 
DSPE-PEG2000 46 3.5 nm 2.6 ∙ 104 µm-2 
DOPE-PEG3000 69 4.4 nm 1.6 ∙ 104 µm-2 
DOPE-PEG5000 115 6.0 nm 8.8 ∙ 103 µm-2 
 
If better steric stabilization is needed to suppress van der Waals forces, this cannot be reached by 
adding more polymers when the MSC has an upper limit in the mushroom configuration. 
 
3.5.1.2 DOPE-PEG5000 as stabilizing polymer 
Although we have already improved upon the earlier DOPE-PEG2000 system8 by switching to 
DOPE-PEG3000, we tried to improve upon the steric stabilization even more by coating the TPM 
with DOPE-PEG5000. For this experiment we followed the protocol described in the experimental 
section, but added DOPE-PEG5000 instead of DOPE-PEG3000 with an induced MSC of (1.00 ± 0.02) ∙
106 µm-2. However, this change in polymer did not result in mobile clusters. 
 
3.5.2 Entanglement of polymers 
Another possible explanation for immobility of the clusters is the entangling of polymers from 
neighboring particles. The intertwined polymers create a friction between the surfaces, inhibiting 
angular motion of cluster particles. We suspect that if a PS particle and a TPM droplet are linked 
together closely, the entropically preferred state is the one were polymers from the PS particle 
intermix with polymers on the TPM, since this situation brings forth more possible configurations. 
An example of this polymer intermixing behavior, called the interdigitated mushroom state, is 
given by Kenworthy et al.22. If the particles were indeed linked together too closely, the resulting 
interparticle polymer entanglement would decrease cluster mobility. 
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However, from table 3, one can estimate the polymer length of DOPE-PEG3000 to be 4.4 nm, while 
the DNA strands are approximated at 14 nm11 each and therefore far outreach the polymers. 
Consequently, we can conclude that the distance between linked particles is too large for the 
polymers to be entangled and inhibit mobility in this way. 
Moreover, an experiment was done using a 9 : 1 ratio of DOPE : DOPE-PEG2000, exactly as 
described in the lipid bilayer experiments of Chakraborty et al.18. This ratio induces a maximum 
for the number of polymers on the TPM surface, so that the probability of polymers from PS 
particles entangling with TPM polymers is reduced. In this way, the PS polymers can move more 
freely over the TPM surface and cluster mobility increases. 
If polymer entanglement were to be the root cause for immobility, switching to the polymer 
coverage used by Chakraborty et al.18 in her cluster experiments, should result in mobile clusters. 
However, in such low-polymer-coverage experiments also no cluster mobility was observed.  
 
3.5.3 Heterogeneous nature of TPM 
For lipid bilayers, the diffusion coefficient of particles on the bilayer surface is directly dependent 
on the number of linkers18. This is caused by collective linker diffusion through the bilayer: more 
linkers means less diffusion. Following this reasoning, it is possible to tune mobility in lipid 
bilayer cluster experiments, by limiting the number of linkers between particles. One would 
expect to observe the same linker-mobility relation for the TPM clusters, but as is shown in section 
3.3.1, varying the linker density does not lead to cluster mobility. This holds true for linker 
densities more than ten times lower than those used by Chakraborty et al18. 
We propose that individual linker diffusion, demonstrated in section 3.2.1, does not guarantee 
collective linker diffusion, as is the case for lipid bilayers. This hints to the fact that the surface of 
TPM is fundamentally different from a lipid bilayer. 
Possibly, the TPM surface is of heterogeneous nature, which allows for the diffusion of single 
linkers located in liquid parts of the surface, but immobilizes linkers on a network of solid 
oligomers. If this is the case, the fraction of solid surface area can be estimated at 7.0 ± 2.3 %, 
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according to results from section 3.2.1. Then, the probability of  an immobile linker being linked 
to the PS particle scales directly with the number of linkers in the patch area (7 %), which means 
you can reduce this probability by lowering the MSC and in that way increase the probability of 
mobile clusters. 
 
 
Figure 19 – Illustrative visualization of the compartmentalization of mobile linkers. The solid oligomers (red lines) on 
the TPM surface create a labyrinth of liquid channels for mobile linkers (black cilinders). In this example, linkers with 
a green marker can diffuse collectively towards the lower-left corner, while linkers with a yellow marker can diffuse 
collectively towards the upper-right corner. However, if the patch area is so large that both green and yellow linkers 
are connected to the PS particle, diffusion of the entire group of linkers is no longer possible. 
 
However, even if all the linkers in the patch area are mobile, this still does not guarantee collective 
linker diffusion. Liquid channels in between solid oligomers through which the mobile linkers 
can move are not parallel. Therefore, linkers that can diffuse freely by themselves, cannot move 
very far if their motion is limited by the channel of their neighboring linker, as is illustrated in 
figure 19. This compartmentalization of mobile linkers, obstructs collective linker diffusion and 
causes cluster immobility. 
Compartmentalization could also explain why Verweij et al. observed some mobile clusters in the 
direct biotin-NeutrAvidin bond system. The shorter biotin-NeutrAvidin linkers limit the patch 
area between linked particles23. Because the linkers in our system are approximately nine times 
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longer, the expected patch area is nine times larger18, so that the probability of linkers being in 
different compartments also becomes nine times larger. Hence, the probability of immobility 
through compartmentalization is higher for our system. 
If the TPM surface is indeed heterogeneous, cluster mobility is both hindered directly by immobile 
linkers and by the compartmentalization of mobile linkers, which would explain the difference in 
observed mobility between the system of Verweij et al.8 and our system.
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4 SUMMARY AND CONCLUSION 
In this thesis, we investigated a method to construct mobile clusters from TPM droplets and PS 
particles. First of all, we conceived of a way of working with the liquid TPM droplets, by choosing 
ethanol as solvent for adding lipid molecules, since this solvent did not influence the system itself, 
and by finding a threshold value for which TPM droplets no longer aggregated aspecifically in a 
saline solution. When using DOPE-PEG3000 as steric stabilizer, we found that this threshold value 
lay between a max surface coverage of (1.59 ± 0.05) ∙ 104 µm-2 and (7.97 ± 0.17) ∙ 104 µm-2. Also, 
we saw that Pluronic F-127 could not be used as steric stabilizer since it inhibits the DOPE from 
binding to the TPM surface. 
Then, we checked the surface mobility of the three components that make up the DNA linker on 
the TPM. The polymer-functionalized lipid, NeutrAvidin and DNA all adhered to the TPM and 
showed mobility in FRAP measurements. In addition, we showed that the number of linkers on 
the TPM droplet could be controlled, leading to the insight that our theoretical prediction of the 
MSC can be used to vary the actual surface coverage on particles. 
Next, we found that TPM-PS clusters formed specifically due to the added DNA linkers and that 
the binding probability of a TPM droplet could be influenced by varying the MSC of the PS 
particles. However, no cluster mobility was observed, even after the binding probability dropped 
significantly due to the shortage of DNA linkers. Therefore, we can conclude that varying the 
amount of linkers does not result in mobility. 
We also studied aspecific PS aggregation when TPM was added. We observed dsDNA-S (red) 
between PS particles, seemingly attaching them together. We posed that this was caused by 
multibound DNA-NeutrAvidin constructs and therefore altered the DNA : NeutrAvidin ratio 
from 2 : 1 to 1 : 10. This resulted in a disappearance of large PS aggregates which  confirmed our 
hypothesis. 
We propose two possible reasons for the absence of cluster mobility. According to theory on 
surface-grafted polymers, there might be an upper limit on the DOPE-PEG3000 MSC. This would 
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mean that steric stabilization cannot be increased to the level where cluster mobility is unaffected 
by van der Waals forces. Second, the potentially heterogeneous nature of the TPM surface could 
obstruct collective linker diffusion, due to a small fraction of immobile linkers in the patch area or 
mobile linker compartmentalization.  
In summary, we assembled PS particles on TPM droplets using DNA linkers and investigated the 
cluster mobility. Possibly due to TPM heterogeneity, or lack of steric stabilization, the resulting 
clusters were stationary. 
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